In an earlier paper, we used smoothed particle hydrodynamics (SPH) simulations to explore star formation triggered by head-on collisions between uniform-density 500 M clouds, and showed that there is a critical collision velocity, v CRIT . At collision velocities below v CRIT , a hub-and-spoke mode operates and delivers a monolithic cluster with a broad mass function, including massive stars (M 10 M ) formed by competitive accretion. At collision velocities above v CRIT , a spider's-web mode operates and delivers a loose distribution of small sub-clusters with a relatively narrow mass function and no massive stars. Here we show that, if the head-on assumption is relaxed, v CRIT is reduced. However, if the uniform-density assumption is also relaxed, the collision velocity becomes somewhat less critical: a low collision velocity is still needed to produce a global hub-and-spoke system and a monolithic cluster, but, even at high velocities, large cores -capable of supporting competitive accretion and thereby producing massive stars -can be produced. We conclude that cloud-cloud collisions may be a viable mechanism for forming massive stars -and we show that this might even be the major channel for forming massive stars in the Galaxy.
I N T RO D U C T I O N
When two interstellar clouds collide, they may produce dense, gravitationally unstable layers of gas, and thereby trigger star formation. However, it is difficult to evaluate whether cloud-cloud collisions make a significant contribution to the overall galactic star formation rate, since it is difficult to estimate how frequently clouds collide at sufficient speed, or to establish how star formation proceeds when they do (e.g. Pongracic et al. 1992; Chapman et al. 1992; Whitworth et al. 1994; Heitsch et al. 2006; Inoue & Fukui 2013; Dobbs, Pringle & Duarte-Cabral 2015) . Moreover, instances where on-going star formation may have been triggered by cloud-cloud collisions are difficult to identify, and the observations are hard to interpret unambiguously (Haworth et al. 2015) . Possible examples include Westerlund 2 (Furukawa et al. 2009; Ohama et al. 2010) , the Trifid Nebula (Torii et al. 2011 ) and the Serpens Main Cluster (Duarte-Cabral et al. 2011) .
In a previous paper (Balfour et al. 2015 , hereafter Paper I), we have simulated head-on collisions between identical uniformdensity molecular clouds. We show that such collisions can trigger two rather distinct modes of star formation, depending on whether E-mail: scott.balfour@astro.cf.ac.uk the collision velocity is less than or greater than a critical value v CRIT ∼ 1.6 km s −1 . In both modes, the resulting shock-compressed layer fragments gravitationally into a network of filaments.
At lower collision velocities, v O < v CRIT , it takes a longer time for the layer to accumulate sufficient column density to become gravitationally unstable. During this time, the layer starts to collapse laterally, i.e. towards the axis of cylindrical symmetry. This has the effect of dragging and stretching the filaments into spoke-like radial orientations, so that they feed gas and newly formed lowmass stars towards a central hub. A dense cluster forms in the hub, and competitive accretion delivers a significant number of massive stars (M 10 M ). There are also dynamical ejections of stars, of all masses. The overall arrangement of the gas and stars, as projected on the (y, z)-plane, has a hub-and-spoke pattern, and the mass function of the stars formed is relatively broad; we refer to this as the hub-and-spoke mode of star formation.
In contrast, at higher velocities, v O > v CRIT , the layer accumulates sufficient column density to become gravitationally unstable more rapidly, and there has not been enough time for significant lateral collapse. Consequently, a network of filaments with approximately random orientations develops, and where the filaments intersect, small star-forming cores form. The masses of these cores are limited, because each can only accrete from the few short filamentary sections that are closest to it. Moreover, the cores tend to collapse and fragment independently of one another. This means that each core can only spawn a few stars, and it is rather hard to form massive stars. The overall arrangement of the gas and stars, as projected on the (y, z)-plane, has a spider's-web pattern, and the mass function of the stars is relatively narrow; we refer to this as the spider's-web mode of star formation.
However, head-on collisions between uniform-density clouds are an idealization, and we have therefore extended the simulations of Paper I, (i) to non-head-on collisions (i.e. collisions at finite impact parameter, b O ), and (ii) to pre-collision clouds with internal substructure (i.e. fractal pre-collision clouds). These simulations are reported in the present paper, and the results contrasted with those from Paper I. In Section 2, we describe the numerical method used and the constitutive physics. In Section 3, we present and discuss simulations of non-head-on cloud-cloud collisions between uniform-density clouds. In Section 4, we present and discuss simulations of head-on collisions in which the pre-collisions clouds have fractal internal sub-structure. In Section 5, we discuss the results and their limitations. In the Appendix, we estimate the rate at which massive stars form in the Galaxy, as a result of cloud-cloud collisions, and show that this could be a significant contribution to the overall massive star formation rate. Our main conclusions are summarized in Section 6.
N U M E R I C A L M E T H O D A N D C O N S T I T U T I V E P H Y S I C S

Numerical method
The simulations are performed with the smoothed particle hydrodynamics (SPH) code GANDALF (Hubber et al., in preparation) . A binary tree is used to compute gravitational forces and collate particle neighbour lists. The grad-h formulation of the evolution equations is invoked (Price & Monaghan 2004) , and they are solved with a second-order leapfrog integrator. Artificial viscosity is treated using the method of Monaghan (1997) , with parameters α = 1 and β = 2. Sinks are introduced and evolved using the standard procedure described in Hubber, Walch & Whitworth (2013) , with ρ SINK = 10 −12 g cm −3 ; hence condensations which are converted into sinks are already well into their Kelvin-Helmholtz contraction phase, and their properties are essentially independent of the choice of ρ SINK .
Constitutive physics
The gas is evolved with a barotropic equation of state,
with T O = 10 K and ρ CRIT = 10 −14 g cm −3 . At low densities, ρ ρ CRIT , the gas is approximately isothermal at ∼10 K. At high densities, ρ ρ CRIT , the gas is approximately adiabatic with adiabatic index γ 5/3 (corresponding to cool molecular hydrogen in which the rotational degrees of freedom are not significantly excited, plus some monatomic helium). Barotropic prescriptions like equation (1) mimic approximately the variation of temperature with density at the centre of a 1 M protostar (Masunaga & Inutsuka 1999) , and have been widely used in simulations of star formation (e.g. Goodwin, Whitworth & Ward-Thompson 2004; Bonnell, Clark & Bate 2008; Bate 2011) .
Feedback from stars is not included. As in Paper I, the simulations are simply terminated once 10 per cent of the total mass has been converted into stars, on the assumption that feedback would terminate star formation around this stage. We are presently repeating the simulations discussed here, with ionizing feedback from the most massive stars included, in order to evaluate the consequences for the efficiency of star formation and the stellar mass function. These simulations indicate somewhat higher efficiencies, 10-20 per cent at low collision velocity, v o ∼ 1.2 km s −1 , rising to 20-40 per cent at high collision velocity, v o ∼ 2.0 km s −1 . These simulations with ionizing feedback also produce very realistic bipolar HII regions (e.g. Deharveng et al. 2015) . They will be presented in a future paper.
N O N -H E A D -O N C O L L I S I O N S B E T W E E N U N I F O R M -D E N S I T Y C L O U D S
Initial conditions for non-head-on collisions
Impact parameter of a non-head-on collision
If two identical clouds, each with radius R O , approach one another from large separation with anti-parallel velocities ±v O , the impact parameter, b O , is the distance between the cloud centres, at the point of closest approach, if the clouds velocities are held constant (i.e. we neglect accelerations due to their mutual gravity or hydrodynamic interaction, and they therefore continue in straight lines). Thus, the head-on case corresponds to b O = 0. The maximum impact parameter for a collision is
corresponding to a glancing collision. The integrated probability of a collision at impact parameter below b O is
so the majority of collisions are at large impact parameter.
Initial configuration for non-head-on collisions
As in Paper I, both clouds involved in these non-head-on collision initially have mass M O = 500 M , radius R O = 2 pc and uniform density ρ O = 1.01 × 10 −21 g cm −3 (hence freefall time t FF = 2.1 Myr). The impact parameter is introduced in the y-direction, so the cloud centres are initially located at,
and the initial velocities are The velocity ranges are dictated by the need to bracket the value where the hub-andspoke mode gives way to the spider's-web mode. The uniformdensity clouds are modelled with N SPH = 10 6 SPH particles, so each particle has mass 0.001 M , and star formation is resolved down to ∼0.05 M . To create a uniform-density cloud, we position SPH particles randomly in a cubic box. Then we settle them using periodic boundary conditions -with a fixed universal temperature and neglecting gravity -to produce a glass. Finally, we cut a sphere from the box. Different realizations are generated by starting with different initial distributions of SPH particles (i.e. using a different random number seed to position the first particle). In the context of SPH, a glass means that the density is very close to uniform (typical fractional variations in the density are 0.005) but the particles are not in a regular crystalline array (for example, not in a hexagonal close-packed configuration).
Results for non-head-on collisions
Overview of non-head-on collisions between uniform-density clouds
When uniform-density clouds collide at finite impact parameter, b O > 0, the system has bulk angular momentum. This has two consequences. First, the layer tumbles about the z-axis (perpendicular to the page on Fig. 1 ), because the part of the layer at positive y is dominated by material from the cloud that started at positive x, and therefore has bulk linear momentum in the negative x-direction; conversely the part of the layer at negative y is dominated by material from the cloud that started at negative x, and therefore has bulk linear momentum in the positive x-direction. Second, this means that the layer, and the shocks bounding it, are not perpendicular to the x-axis, and hence not perpendicular to the velocity of the material flowing into the layer. As a result, the material in the layer has a strong shear, with material on either side of the slanting contact discontinuity trying to flow parallel to the contact discontinuity but in opposite directions. This is likely to result in the generation of turbulence. Both these effects (centrifugal acceleration due to the angular momentum, and hydrodynamic support due to the turbulence) slow down the lateral collapse of the layer towards z-axis, and hence it becomes harder to form a hub-and-spoke system. Specifically, the larger the impact parameter of the collision, b O , the smaller the critical velocity, v CRIT , below which the hub-and-spoke mode dominates -and thereby generates a broad mass function by fuelling competitive accretion in a large central cluster. , at time t 10 per cent = 1.22 Myr. Because the pre-collision clouds have uniform density, the distribution of gas and stars is very regular. In particular, we focus on the very dense gas in the central sector of the shockcompressed layer, since this is where the stars form. This central sector is the part of the layer where the flux of material from the two clouds is comparable (although not exactly equal), and therefore the column density of the layer builds up rapidly. The layer is tilted relative to the y-axis because it is tumbling about the z-axis (which is directed into the page), due to the bulk angular momentum of the two clouds. In addition, the material in the layer is sheared, with the gas entering from the right (the cloud that started at positive x) tending to flow upwards once it has accreted on to the layer (i.e. towards positive y), and the gas entering from the left (the cloud that started at negative x) tending to flow downwards once it has accreted on to the layer (i.e. towards negative y). These adjacent counter-flowing gas streams are likely to mix, thereby converting some of the kinetic energy of the counterflow into turbulence. The resulting centrifugal acceleration and turbulent velocity dispersion slow down the lateral collapse of the layer (towards the origin). As a result, the filaments that regulate the fragmentation of the layer are dragged and stretched into radial orientations more slowly, and it requires a lower collision velocity, v O , to have sufficient time to form a global hub-and-spoke system. This is illustrated in Figs The montages show results obtained with the same initial clouds (and hence the same particle noise), but different collision velocities, and the range of velocities has in each case been adjusted to bracket the value where the hub-and-spoke mode gives way to the spider's-web mode. At high collision velocity, v O , the pattern of fragmentation is very similar to the high collision velocity, head-on case presented in Paper I. A network of filaments forms, and small local cores condense out where the filaments intersect. These small local cores comprise a rather limited reservoir of mass, and therefore they spawn just a few stars, and no massive ones; they complete their collapse and fragmentation more-or-less independently of one another. This is the spider's-web mode of star formation, already identified in Paper I. If the collision velocity, v O , is reduced, the time required for the column density through the layer to become sufficiently large for the layer to fragment gravitationally increases, and eventually it may become so long that the layer has time to collapse laterally, dragging and stretching the filaments into radial orientations, so that they feed newly formed low-mass stars and residual gas into a central hub, to form a monolithic cluster. As a consequence of the centrifugal acceleration and turbulent velocity dispersion in the layer, the critical collision velocity, v CRIT (below which this hub-and-spoke mode of star formation operates following a collision between uniformdensity clouds), is a decreasing function of the impact parameter of the collision, b O . Thus, the hub-and-spoke mode requires both low collision velocity, v O , and low impact parameter, b O . From 
Hydrodynamics for non-head-on collisions between uniform-density clouds
Stellar mass distribution for non-head-on collisions between uniform-density clouds
These differences between the modes of star formation operating at different collision velocities, v O , and different impact parameters, b O , are reflected in the mass functions of the stars that form following a non-head-on collision between uniform-density clouds. In high-velocity collisions, v O > v CRIT (b O ), the spider's-web mode delivers an array of small local cores, collapsing and fragmenting independently of one another to produce small sub-clusters of stars with quite a narrow range of masses: no massive stars and relatively few very low-mass stars. In low-velocity collisions, v O < v CRIT (b O ), the hub-and-spoke mode delivers a single, monolithic, central cluster in which a few stars grow too massive by competitive accretion, and there is also a large population of low-mass stars that fall through the centre at high speed and therefore do not accrete much more mass. Consequently, the mass function is significantly broader. This is illustrated in Figs 4 and 5. (panel b), and different collision velocities, v O . Similarly to the case of head-on collisions between uniform-density clouds (treated in Paper I), as we move from high velocity (the spider's-web mode) to low velocity (the hub-and-spoke mode), the range of masses increases, and hence the most massive stars are more massive, but the median mass decreases, due to the increasing number of very low-mass stars. For b O = 0.25 pc, the switch from spider's-web mode to hub-and-spoke mode occurs at v CRIT ∼ 1.3 km s −1 . For b O = 0.50 pc, the switch occurs at v CRIT ∼ 1.1 km s −1 . Fig. 5 presents the corresponding cumulative mass plots, to emphasize that these trends are quite regular (given the relatively smallnumber statistics), with only low-velocity collisions at low impact parameter producing either any massive stars, or a large population of low-mass stars. 
P R E -C O L L I S I O N C L O U D S W I T H S U B -S T RU C T U R E C O L L I D I N G H E
Fractal pre-collision density sub-structure
Molecular clouds are very clumpy, and this clumpiness is likely to play an important role in star formation. In Paper I, we invoked precollision clouds with uniform density, so that we could isolate the effects of the collision from those that might result from internal sub-structure in the pre-collision clouds. Here, we explore how adding fractal sub-structure to the pre-collision clouds affects the star formation triggered by a head-on cloud-cloud collision.
The fractal density sub-structure in the pre-collision clouds is created using the method of Whitworth (in preparation), which builds a nested hierarchy of clumps within clumps. The hierarchy is characterized by its fractal dimension, D 3 = 2.31 (which determines the extent to which the clumps on one level of the hierarchy fill the volume occupied by the larger clumps on the level above), and its density scaling exponent,
here ρ(L) is the excess density in a clump of linear size L, relative to the background defined by the larger clumps on higher levels of the hierarchy, within which it is nested. We treat two cases: χ = 0 (which gives pre-collision clouds that are mildly clumpy, and not hugely different from the uniform-density clouds treated in Paper I) and χ = 8 (which gives pre-collision clouds that are strongly clumpy and markedly different from the uniform-density clouds treated in Paper I). Examples of clouds created in this way, one with χ = 0, and one with χ = 8, are shown in Fig. 6 .
Initial collision configuration for clouds with sub-structure
The clouds in the simulations presented here have the same mass, M 0 = 500 M , as those in Paper I, but we have doubled the initial cloud radius to R O = 4 pc, and so the mean density isρ = 1.26 × 10 −22 g cm −3 (and the mean freefall time is 5.9 Myr). We make this adjustment because otherwise, with density sub-structure added (see below), the densest regions of the pre-collision clouds collapse to form stars before they are involved in the cloud-cloud collision.
The cloud centres are initially located at
and the initial velocities are
We perform a total of 20 simulations using pre-collision clouds with fractal density sub-structure, five realizations for each combination of the two possible fractal density substructures (mildly clumpy, i.e. χ = 1, and strongly clumpy, i.e. χ = 8) and the two extreme collision velocities v O = 1.2 and 2.0 km s −1 .
Resolution for clouds with sub-structure
In these simulations (where the pre-collision clouds have fractal sub-structure), we use N SPH = 10 5 SPH particles, and so each SPH particle has mass M SPH = 0.01 M . Consequently, the mass resolution is 10 times lower than in Paper I and in the non-head-on collisions reported in the previous section (where N SPH = 10 6 and M SPH = 0.001 M ). This means that, for the simulations involving pre-collision clouds with sub-structure, we cannot resolve stars much below ∼0.5 M . The reduced mass resolution is dictated by the limits of computational resources (there is a bigger spread in the times when the stars form, and therefore the simulations are computationally more demanding) and the need to do multiple realizations (in order to improve statistics). We have therefore repeated the corresponding uniform-density simulations from Paper I, with this reduced resolution, and with the increased initial cloud radius (4 pc instead of 2 pc), in order to have a more relevant reference point against which to compare the results obtained here with substructure.
Results for head-on collisions involving clouds with pre-collision sub-structure
Overview of head-on collisions involving clouds with pre-collision sub-structure
Sub-structure in the pre-collision clouds reduces the homogeneity and spatial coherence of the resulting shock compressed layer. In some places, there are large differences between the fluxes of material impinging on opposite sides of the layer, and these differences have a range of length-scales, reflecting the spectrum of spatial frequencies in the intrinsic fractal density fields of the pre-collision clouds. Thus, at some positions, the fluxes from the two sides of the layer may be comparable, producing locally a section of layer close to the (y, z)-plane. However, at other nearby positions, the fluxes from the two sides of the layer may be very different, where a dense clump in one cloud comes up against a much more rarefied region in the other cloud, and in this case the shocked gas has a bulk velocity relative to the (y, z)-plane, and the layer bulges out. Moreover, where the combined fluxes from both sides are larger than average, the column density will buildup more quickly, collapse and fragmentation will occur sooner, and stars will form earlier. Conversely, where the fluxes are smaller than average, the column density will buildup more slowly, collapse and fragmentation will occur later, and stars will form later. (In fact, if feedback is taken into account, these late stars may not form at all.) These effects are inevitably more marked when the pre-collision sub-structure has large amplitude, i.e. in the strongly clumpy case with large density-scaling exponent, χ = 8.
The main consequence of sub-structure in the pre-collision clouds is to blur the distinction between the spider's-web and hub-andspoke modes of star formation. Both modes still operate, but for a wide range of initial conditions they can occur simultaneously in different parts of the layer. Even at high collision velocity, and even with mildly clumpy sub-structure, there is no longer a semi-periodic spider's web with many comparable cores collapsing and fragmenting, more or less independently and simultaneously. Instead, there are patches on the layer that give the appearance of a spider's web, and other patches that are more like local hubs. Specifically, where the chance confluence of two denser-than-average clumps (one from each cloud) produces a patch on the layer with higher than average column density, this patch fragments into filaments and cores sooner than neighbouring bits of the layer, and starts to pull in additional material from these neighbouring bits and thereby become more massive. If these neighbouring bits of the layer later acquire sufficient column density to fragment into filaments and cores themselves, these filaments may find they are being dragged into the massive cores that formed earlier, thereby producing a local hub-and-spoke system that is sufficiently massive to spawn massive stars by competitive accretion. Otherwise they form a local patch of spider's web, but typically less extensive and less periodic (than those formed in high-velocity collisions of uniform-density clouds). Fig. 7 shows column density, projected on the (x, y)-plane (i.e. looking across the collision axis), at time t 10 per cent = 2.25 Myr, for a simulation involving clouds with strongly clumpy pre-collision substructure (χ = 8), colliding head-on (b O = 0), at collision velocity v O = 1.2 km s −1 . The distribution of gas and stars is quite irregular. In particular, the layer is broader than for the cases with uniform-density pre-collision clouds. Furthermore, even though this is a head-on collision, the layer is not well aligned with the (y, z)-plane. It is broader because different parts of the layer are displaced parallel to the x-axis, due to local mismatches between the fluxes of material impinging on the two sides of the layer. It is tilted relative to the (y, z)-plane because, in this particular case, due to the stochastic fractal sub-structure in the pre-collision clouds, the centre of mass of the cloud coming from negative x is displaced downwards (to negative y), and the centre of mass of the cloud coming from positive x is displaced upwards (to positive y). Figs 8 and 9 show column density, projected on the (y, z)-plane (i.e. looking along the collision axis), at t 10 per cent , for simulations in which the clouds collide head-on and have, respectively, mildly (χ = 0) and strongly (χ = 8) clumpy pre-collision sub-structure. In the upper panels (a), the clouds collide at collision velocity v O = 1.2 km s −1 . In the lower panels (b), they collide at v O = 2.0 km s −1 . Fig. 8(a) shows the distribution of gas and stars for the headon collision involving mildly clumpy pre-collision sub-structure (χ = 0) and a relatively low collision velocity (v O = 1.2 km s −1 ). Like the equivalent simulations with uniform-density clouds (see Paper I), this produces a hub-and-spoke arrangement of gas, that feeds a central cluster in which massive stars form by competitive accretion. However, in the simulations presented here (involving clouds with mildly clumpy pre-collision sub-structure), there are fewer filaments feeding the central cluster (just four), and the star formation takes place over a longer period of time (because the layer is more inhomogeneous), so by t 10 per cent the cluster is less centrally condensed. Both these features might make this a better model to reproduce the hub-and-spoke system, SDC335, reported by Peretto et al. (2013) . Fig. 8(b) shows an example of the distribution of gas and stars following a head-on collision involving mildly clumpy pre-collision sub-structure (χ = 0) and a relatively high collision velocity (v O = 2.0 km s −1 ). Although the gas distribution has some features like a spider's web, by t 10 per cent many of the stars are no longer concentrated in the individual cores where they formed. Again, this is because, due to the non-uniformity of the layer, star formation takes place over a longer period of time (than in the equivalent simulation with uniform-density pre-collision clouds; see Paper I), and therefore many of the stars have had time to fall towards the centre and produce a loose cluster. Fig. 9(a) shows an example of the distribution of gas and stars following a head-on collision involving strongly clumpy pre-collision sub-structure (χ = 8) and a relatively low collision velocity (v O = 1.2 km s −1 ). The outcome is now completely different from the equivalent simulation with uniform-density clouds (see Paper I). The star formation is dominated by two large dense clusters, which both contain massive stars, and the gas has filamentary structure but there is no hub-and-spoke geometry. Fig. 9(b) shows an example of the distribution of gas and stars following a head-on collision involving strongly clumpy pre-collision sub-structure (χ = 8) and a relatively high collision velocity (v O = 2.0 km s −1 ). Here, there is a network of relatively isolated cores, independently spawning sub-clusters. However, because the network is much more irregular than in the equivalent simulation involving uniform-density pre-collision clouds (see Paper I), some of the sub-clusters are quite massive and spawn massive stars.
Hydrodynamics for head-on collisions involving clouds with pre-collision sub-structure
Stellar mass distribution for head-on collisions involving
clouds with pre-collision sub-structure Fig. 10 presents the range of stellar masses obtained when clouds with pre-collision sub-structure collide head-on. In panel (a), the pre-collision sub-structure is mildly clumpy (χ = 0), and in panel (b), it is strongly clumpy (χ = 8). In both panels, we consider only two collision velocities v O = 1.2 and 2.0 km s −1 . In all cases, we combine data from five different realizations.
For the clouds with mildly clumpy pre-collision sub-structure (χ = 0, Fig. 10a ), the median mass increases considerably going from collision velocity v O = 1.2 to 2.0 km s −1 , due to a huge decrease in the proportion of very low-mass stars; this is similar to what happens with uniform-density pre-collision clouds (see Paper I). Going from v O = 1.2 to 2.0 km s −1 , there is also a decrease in the number of massive stars, but this is less marked than for the uniform-density pre-collision clouds (see Paper I).
For the clouds with strongly clumpy pre-collision sub-structure (χ = 8, Fig. 10b ), the same trends are observed, but they are much weaker. Thus, the effect of strongly clumpy pre-collision sub-structure is to blur the distinction between the hub-and-spoke mode of star formation and the spider's-web mode. In particular, at high collision velocity, v O = 2.0 km s −1 , star formation still occurs in a network of cores, but these cores have a range of masses, and form over an extended period of time, with the result that some of them can spawn massive stars. Fig. 11 presents the corresponding cumulative mass plots, to emphasize that these trends are quite regular. For the clouds with mildly clumpy pre-collision sub-structure (χ = 0, Fig. 11a ), the low collision velocity (v O = 1.2 km s −1 , red curve) delivers many more very low-mass stars, and somewhat more massive stars, than the high collision velocity (v O = 2.0 km s −1 , purple curve). For the clouds with strongly clumpy pre-collision sub-structure (χ = 8, Fig. 11b ), the same trends are visible, but they are less emphatic.
D I S C U S S I O N
We have only considered clouds of a single mass (500 M ), in order to explore, in a systematic way, the effects of other parameters, in particular, collision velocity, impact parameter and level of substructure in the pre-collision clouds. In each case, we have performed multiple realizations, in order to improve the statistics of the resulting stellar masses, and determine robustly any systematic trends. 500 M is chosen so as to be large enough to form a range of stellar masses, but at the same time small enough that we can perform multiple simulations while at the same time maintaining good mass resolution. We have not simulated non-head-on collisions of clouds with pre-collision sub-structure, and there are many other parameters that need to be explored, for example, different cloud masses, unequal cloud masses, non-spherical and/or spinning clouds. However, the basic phenomenology explored here appears to offer a credible mechanism for forming star clusters, and, in addition, it suggests three independent circumstances that all promote a broad mass function, and hence the formation of massive stars: low collision velocity, small impact parameter and pre-collision substructure.
(i) A low collision velocity means that it takes a long time for the layer to buildup sufficient surface density to fragment. This in turn means that there is time for the layer to contract laterally, thereby dragging filaments into radial orientations, so that they feed matter into the central region, feeding a monolithic star cluster in which competitive accretion can operate. Thus, slow collisions promote a broad mass function and the formation of massive stars.
(ii) A larger impact parameter means that a smaller fraction of the cloud mass is shock-compressed into a layer. In addition, the mass which is compressed inherits more shear from the bulk angular momentum of the collision, and this probably generates significant turbulent motions in the layer. The large shear (and/or high turbulent velocity dispersion) means that lateral contraction of the layer is slowed, and hence the layer has more time to fragment into many, relatively isolated cores, which are individually too small to form massive stars. Thus, a low impact parameter collision is required to promote a broad mass function and the formation of massive stars.
(iii) Pre-collision sub-structure influences the scales on which the layer fragments, and hence the masses of the cores that form. Instead of the layer accumulating mass until it becomes gravitationally unstable on a length-scale determined simply by its surface density and its internal velocity dispersion, the layer can fragment on scales determined more by the scale of the pre-collision substructure -for example where a big lump from one cloud hits a big lump from the other. As long as the pre-collision sub-structure includes large scales, this will promote the formation of massive cores -more massive than for uniform-density pre-collision clouds -and hence a broad mass function and the formation of massive stars.
If cloud-cloud collisions are a viable mechanism for triggering the formation of massive stars, we should consider whether they might be the dominant mechanism. This requires us to estimate the rate of massive star formation in the Galaxy, due to cloud-cloud collisions, and compare it with estimates of the net rate. Because the former estimate is necessarily compromised by many questionable assumptions and uncertainties, we relegate it to an Appendix. However, modulo these caveats, our estimate of the rate due to cloudcloud collisions, R CCC MSF 2 × 10 −4 Myr −1 , is comparable with the overall estimate, R TOT MSF
10
−4 Myr −1 , suggesting that cloud-cloud collisions might be a major contributor to the overall formation rate of massive stars.
C O N C L U S I O N S
We have extended our exploration of star formation triggered by cloud-cloud collisions to include the effects of finite impact parameter (i.e. clouds not colliding head-on), and the effects of pre-collision sub-structure in the colliding clouds (using a fractal prescription). Our main conclusions are as follows.
(i) When two uniform-density clouds collide at finite impact parameter, the amount of mass that is compressed is reduced (relative to the head-on case), and the bulk angular momentum in the collision delivers shear to the shock-compressed gas (which in turn may decay into turbulence) and this gives the layer extra support against lateral contraction. Consequently, the critical collision velocitybelow which the filaments condensing out of the layer are dragged and stretched into radial spokes feeding matter into a central monolithic cluster and forming massive stars by competitive accretionis reduced.
(ii) When the clouds have pre-collision substructure, the collision velocity becomes less critical. Low-velocity collisions are still the most effective at forming massive stars, but even at high collision velocity there are more massive cores, due to the variance in the flux of matter impinging on different parts of the layer. In other words, where occasionally a sufficiently large lump in one cloud runs into a sufficiently large lump in the other, a large core is formed in which competitive accretion can spawn a broad mass function with some massive stars.
(iii) Cloud-cloud collisions appear to be an effective channel for forming massive stars (M 10 M ). The collisions that produce massive stars tend to be the slow collisions, at low impact parameter, involving clouds with pre-collision sub-structure.
(iv) Our estimate of the contribution of cloud-cloud collisions to the rate of massive star formation in the Galaxy, R CCC MSF 2 × 10 −4 Myr −1 ; see the Appendix) suggests that they might be the dominant mechanism for forming massive stars.
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